A B S T R A C T Studies were performed on 10 patients with the clinical syndrome of alveolar capillary block while each patient was breathing four different inspired oxygen mixtures. The data were interpreted using the principle of the Bohr integral isopleth with which alveolar oxygen tension in the differently ventilated parts of the lung can initially be treated as unknown. It is then possible to determine the distribution of ventilation, of perfusion, of diffusing capacity, of lung volume, and of alveolar and end capillary blood oxygen tension in the variously functioning parts of the lung. In two patients shunts were the major factor interfering with oxygen transfer. In four others inequalities in ventilation: perfusion ratios and in diffusing capacity in different parts of the lung were the factors interfering with oxygen transfer. In four more patients ventilation: perfusion ratios were the same throughout the lung, the only disturbance of oxygen transfer being in the total diffusing capacity or in its distribution between the different parts of the lung.
INTRODUCTION
Recent work employing Bohr integral isopleths has thrown some instructive light on the distribution of diffusing capacity, of ventilation, of perfusion, and of ventilation: perfusion ratios in bronchitis and emphysema (1) . The present work deals with the application of this new method of collecting and interpreting data in patients with the clinical syndrome of alveolar capillary block. In conventional considerations of pulmonary oxygen transfer by diffusion, alveolar oxygen tension is considered to have a certain fixed numerical value and is treated during Bohr integration as one of the entities which determines oxygen transfer. The present approach is unusual in treating alveolar oxygen tension as one of the entities which is initially unknown and determined by oxygen transfer (2) (3) (4) (5) .
METHODS
Patients were selected from the wards of the Chest Service and the Columbia Medical Division of Bellevue Hospital on the grounds that they were believed to have the clinical syndrome of alveolar capillary block (6, 7) . The clinical syndrome consists of dyspnea (not due primarily to heart disease nor to obstructive lung disease), hyperventilation, cyanosis on exertion, rales at the bases of the lungs, often a low arterial Pc02, and a roentgenogram showing widespread involvement of the lungs by any of a wide variety of pathological processes. Table I gives the clinical diagnosis and roentgenographic interpretations in the 10 patients reported on here.
Patients were brought to the laboratory after breakfast and after their usual morning medication. A Cournand needle was inserted into a brachial artery. Studies were performed with the subjects propped up by a back rest on a bed. A mouthpiece was inserted and expired gas was flushed through a Tissot spirometer (Warren E. Collins, Inc., Boston, Mass.) which was used later to measure ventilation. After breathing each inspired gas for a period of 12 min to reach a steady state, expired gas was collected in the Tissot spirometer and arterial blood samples were taken for analysis for carbon dioxide and oxygen by the Van Slyke method and for measurement of pH. When studies during air breathing were completed, similar studies were performed while breathing three of the following gas mixtures: 14, 18, 24, 30 , and 40%o oxygen iii nitrogen. Which gas mixtures were selected depended on clinical assessment of what the patient was likely to tolerate. Finally, the procedure was repeated during 100% oxygen breathing, blood analysis in this case being supplemented by measurements using an oxygen electrode. The diffusing capacity for carbon monoxide was determined by the steadystate method of Bates, Boucot, and Dormer (9) using an end tidal sampler (10) . A nitrogen washout was performed by the two-balloon method of Emmanuel, Briscoe, and Cournand (11) and interpreted in terms of the volume and ventilation of the well ventilated (fast space) and poorly ventilated (slow space) groups of alveoli. The term "slow space," coined by Hickam, Blair, and Frayser (12) to describe collectively those alveoli which wash out an invert gas, such as nitrogen, slowly when oxygen is breathed, will be used in the present account.
For purposes of interpretation the data needed are numerous and include the arterial oxygen saturations measured while breathing four different inspired oxygen-nitrogen mixtures, the minute ventilations and respiratory rates, the oxygen consumption, and the nitrogen washout curve. The data derived are likewise numerous and include alveolar and end capillary oxygen tensions while breathing each inspired gas, and the ventilation, perfusion, diffusing capacity, and lung volume in each of the two ventilated and perfused groups of alveoli.
This combination of results is a unique one in that it is the only one which exactly fits all the other measurements as well as the arterial blood composition measured while breathing all four gases (4) . An arteriovenous saturation difference of 25% is assumed. It has been shown that deviations from this assumed value have an insignificant effect on the results (4) . Other assumptions made are described and discussed in previous papers and are believed not to influence the conclusions here. Total diffusing capacity of the lung is thus determined by a new method; it is now the sum of the diffusing capacity in the fast and slow spaces. The effects include alveolar oxygen tension, the end capillary blood oxygen tension and saturation, and the end capillary-alveolar oxygen tension difference or gradient. The use of the coordinates of the oxygen dissociation curve, as in Fig. 1 , has the advantage that these five physiological determinants can be translated into four graphic analogs. These are represented by numbered lines in Fig. 1 which deals quantitatively with oxygen transfer in an alveolus with a low ventilation: perfusion ratio and a low diffusing capacity or Bohr integral. (1) Mixed venous saturation is represented by the height of the base line at 68% saturation.
The intersection of this line with the oxygen dissociation curve at the semicircle on the left gives the venous oxygen tension (35 mm Hg). (2) "Inspired" oxygen tension is represented by a vertical line at 142 mm Hg on the x axis. All oxygen tensions and blood saturations in the alveolus must lie within the area circumscribed by venous saturation below, by "inspired" oxygen tension on the right, and by the oxygen dissociation curve above and on the left. (3) Alveolar ventilation (VA) and perfusion (Q) combine to give a ventilation: perfusion ratio, (VA/Q). This is represented by an isopleth, or line of constant ventilation: perfusion ratio, running through all combinations of end capillary blood saturation and alveolar oxygen tension compatible with a given ratio. Such lines originate at the inspired point (diamond) and have a slope proportional to the ratio which is 0.32 in Fig. 1 Table II gives anthropometric data and the results of routine lung function tests. These patients have no significant airway obstruction since the formed expiratory volume (FEV) in 1 sec averages 81% of vital capacity (VC). There are only slightly reduced values in three patients (FIS, PLI, and BEN). However, vital capacity is reduced in all cases to between 50 and 82% of its normal value, predicted from age and height (13), presumably because the pulmonary lesions reduce compliance and so limit vital capacity. Total lung capacity (TLC) is likewise reduced and the residual volume (RV) is somewhat increased on the average. Table III gives data for each patient while breathing each of four inspired gases. These patients were all hyperventilating to varying degrees as manifested by high values for minute ventilation. The respiratory rate is also raised in most cases. Arterial oxygen saturation while breathing air (21% inspired oxygen) varies widely in different cases, the lowest being 68% in AND and highest being 97% in WAR. Arterial carbon dioxide Diffusing Capacities and Ventilation: Perfusion Ratios tension tends to be low, the average value being 35 mm Hg. Table IV gives the total alveolar ventilation while breathing air which is determined by substracting the product of respiratory rate and combined anatomical and instrumental dead space from the minute ventilation. Anatomical dead space in milliliters is taken to be equal to body weight in pounds (14) . The table also shows the distribution of the ventilation, i.e., the ventilation of the fast and slow spaces. The latter receive between 2 and 30% of the total alveolar ventilation.
RESULTS
Cardiac output, QT, or more precisely hemoglobin flow (footnote Table V) , Q'T, was estimated from the oxygen consumption and from the assumption that the arteriovenous saturation difference is 25%. The exact value of the cardiac output makes very little difference to our consideration of the distribution of blood flow. Table V shows the distribution of the cardiac output between the two differently ventilated lung spaces and the shunt. The latter is derived from the measured arterial oxygen tension during 100% oxygen breathing. The patients have been divided into three groups on the basis of the distribution of perfusion and of ventilation: perfusion ratios. In group I are two patients in whom there was a significant shunt. In group II are four patients in whom there is no significant shunt but significant inequalities in ventilation: perfusion ratios within the lung. Group III includes four patients with no significant shunt and no significant inhomogeneity in ventilation: perfusion ratios, i.e. the values for the fast and slow spaces are about the same, as is the fractional perfusion in Table VI when compared to the fractional  ventilation in Table III. Distribution of perfusion between the fast and slow space varies widely; between 7 and 43% of the cardiac output perfuses the slow space. There is no consistant difference in this respect between our groups of patients. The overall ventilation: perfusion ratio, i.e. that between total alveolar ventilation and total alveolar perfusion (VAT/012), averaged 1.65 and was above the normal value of about unity in most patients, especially those in group II. This is a reflection of the fact that these patients were, on the whole, hyperventilating. The ratio in the fast space VAl:01 slightly exceeded the overall value (except in MYE and FIS).
The ventilation: perfusion ratio of the least ventilated: lung spaces varies greatly around the mean value (0.77) in different patients. In three (BEL, BEN, and MIL),_ it is less than 0.4; and in four (AND, MYE, FIS, and WAR), it is more than 1.0. In all patients except WAR the alveolar arterial gradient of oxygen tension increased when mixtures higher in oxygen were breathed. In the two patients in group I the increases are large and self-evident in Fig.  3 ; the gradient rose to 226 mm Hg in AND while breathing 41% oxygen, the expected behavior with a large shunt.
In the patients in group II there was a moderate increase in this gradient on enriched oxygen mixtures. For example, in BEL breathing 21, 24, and 29% oxygen, it was respectively 54, 58, and 84 mm Hg. In MIL on the other hand the increase was small. Breathing 14, 18, and 21% oxygen, the gradient was 12, 14, and 23 mm Hg. In group III the gradient behaved similarly during enrichment of the inspired gas with oxygen, except in those two cases, WAR and DOR, where the arterial point in the diagram rises till it lies on the oxygen dissociation curve. In these cases there is a small decrease in the alveolar arterial oxygen tension gradient as calculated here when the inspired gas is enriched with oxygen. In the slow space the alveolar end capillary oxygen tension difference averages 54 mm Hg while breathing air. As can be seen by the horizontal distances between the triangles and the oxygen dissociation curve, this difference increases when the inspired gas is enriched with oxygen in all cases except WAR. This conflicts with the notion that when the diffusing capacity is low the gradient should be less when enriched oxygen mixtures are breathed. This concept, as has already been pointed out (1) , is based on consideration of a homogeneous lung with a relatively high ventilation: perfusion ratio. The quantitative consideration of nonhomogeneous lungs containing a low diffusing capacity and a low ventilation: perfusion ratio shows that this direction of change is the opposite of that expected. This is an example of the rule that unhomogeneous lungs display basic qualitative as well as quantitative differences from homogeneous lungs.
DISCUSSION
The patients presented here are a variegated group. However, they are alike in that all were considered to have diffusion difficulty on the basis of their clinical picture and their roentgenographic abnormalities. Laboratory studies in alveolar capillary block characteristically show that vital capacity is reduced but bellows function is well preserved with only a slight reduction in forced expiratory volume. Arterial oxygen saturation is often normal at rest but falls on exercise. Arterial carbon dioxide tension tends to be low. The patients studied here on the whole conform with these typical findings. None of them had gross airway obstruction; the forced expiratory volume in 1 sec averaged 81% of the vital capacity. All but FIS had a reduction in vital capacity and total lung capacity. In most of these patients there was a significant reduction of the diffusing capacity for oxygen and carbon monoxide. In three patients, (MIL, FIS, and DOR), the reduction was only moderate. The diffusing capacity for oxygen was somewhat higher than that for carbon monoxide. There is a striking divergence in one patient (AND) in whom a low diffusing capacity for oxygen was coupled with a relatively high diffusing capacity for carbon Diffusing Capacities and Ventilation: Perfusion Ratios monoxide. At present, there is no explanation for the discrepancy.
These findings are consistent with those generally accepted in pulmonary sarcoidosis (16) (17) (18) , systemic sclerosis (19) (20) (21) , idiopathic interstitial pulmonary fibrosis (22) (23) (24) (25) , and other diseases with pulmonary fibrosis (26) (27) (28) (29) . A restrictive ventilatory defect has been the most frequently described early abnormality in these diseases. The diffusing capacity of the lung has been subnormal whatever the method used (18, 30, 31) and markedly lowered, not only in the advanced stages of these diseases but sometimes also in the earlier stages. As Wilson, Rodman, and Robin (32) pointed out, a significantly reduced diffusing capacity for carbon monoxide seems to be consistently present in systemic sclerosis when neither X-ray abnormalities within the lungs nor a reduction in vital capacity can be found. The relatively high diffusing capacity in MIL with eosoinophilic granuloma is in keeping with the findings of other authors in this disease (27, 33) . The method of intrepretation used here has been described and discussed at length (1, 2, 4) . It is tedious to perform and involves the use of several assumptions. The assumption that the arteriovenous oxygen saturation difference is 25% is made. In a previous study of the validity of this assumption, it was found that the assumption of a different value for the arteriovenous difference led to the derivation of very similar sets of values for the distribution of perfusion in the lung. Another assumption made is that the distribution of ventilation and perfusion between the slow and fast space is unchanged when the inspired gas is slightly enriched with oxygen. However, this is not necessary for the derivation of the results. If it were known that perfusion of the slow space increased by a certain fraction of its initial value when an enriched oxygen mixture was administered, then the distribution of perfusion could be determined while breathing both gases. Having no such data on the magnitude of changes in distribution in our patients, we have assumed there were none. Finally, the major assumption made is that the lung can be treated as if it contained only too differently functioning groups of alveoli plus an arteriovenous shunt. Any increase in this number of groups of alveoli would add greatly to the complexity of the presentation without concomitant advantages. Subject to these limitations the data presented here give an unusually complete description of the processes of oxygen transfer in these patients.
Group I (Fig. 3) . Two of the cases had significant arterial oxygen unsaturation while breathing air (68.2 and 86.0% in AND and WAL, respectively). Right-toleft shunting made a major contribution to this as indicated by the degree to which the bar (arterial) lies below the circle (mixed end capillary) in Fig. 3 . In both patients the effect of the shunt was augmented by low end capillary saturation of blood oxygenated in the slow space. However, the short distance between square and circle, relative to triangle and circle in AND indicates that this unsaturated blood flow was small in amount, in fact 10% of the cardiac output. The unsaturation of this blood was not due to a low ventilation: perfusion ratio, 1.08, but to a very low Bohr integral, 0.10, in the slow space. In WAL, a lesser degree of unsaturation in the slow space was due to the combination of a moderately low ventilation: perfusion ratio, 0.65, with a low Bohr integral, 0.21 mm Hg' (normal value: 1.5 mm Hg-1). These two patients had the lowest values for the oxygen diffusing capacity (3.7 and 4.1 ml of 02/min mm Hg). These values lie in a critical range in which in an ideal homogeneous lung breathing air at rest arterial oxygen unsaturation may or may not occur depending on small changes in total diffusing capacity, in total alveolar ventilation, and in the oxygen consumption of the body. Indeed with the measured values of these entities, arterial oxygen saturations would have been 90 and 96% in AND and WAL were it not for the shunt and the uneven distribution of ventilation, perfusion, and diffusing capacity between alveoli.
Group II (Fig. 4) . Unevenness of ventilation: perfusion ratios made a significant contribution to arterial oxygen unsaturation breathing air or mixtures containing less oxygen in three of the cases (BEL, BEN, and PLI). They were alike in having similar values for total diffusing capacity (5.9, 6.0, and 6.7 ml/min mm Hg). In this group of four patients, values of total diffusing capacity, total alveolar ventilation, and oxygen consumption were such that if distribution had been ideal the oxygen saturation of blood in all alveoli and in the brachial artery would have been 94% in BEL and 97 or 98,% in the other three patients, according to our calculations. Insofar as arterial oxygen saturation is reduced this reduction is due to the inhomogeneity both of the ventilation: perfusion ratios and of the Bohr integrals in these patients, not to an inadequate total diffusing capacity.
It is not easy in these patients to separate the effects of maldistribution of ventilation:perfusion ratios from those of maldistribution of Bohr integrals. However, it is possible with the aid of Fig. 4 Thus in these three different patients a low ventilation:perfusion ratio, a low Bohr integral, and a large relative perfusion of the slow space contribute in varying degrees to the reduction of arterial oxygen saturation below its ideal value, about 97%, while breathing air. In MIL arterial blood was nearly fully saturated (96.6%) with oxygen. The blood oxygenated in the slow space was markedly unsaturated (76.6%) due to a very low Bohr integral and a low ventilation: perfusion ratio. It thus almost functioned as a shunt but its blood In the tabular portion of the figure VA/L is alveolar ventilation per minute per unit lung volume, DLO2 is diffusing capacity and VA/Q is ventilation:perfusion ratio. and 1.29. This is illustrated in Fig. 5 by the nearly identical slopes of the ventilation: perfusion ratio isopleths for the fast space (squares), the slow space (triangles), and for the lung as a whole (circles). Moreover, in the fourth patient in this group (DOR), the data are compatible with a homogeneous lung in which not only the ventilation: perfusion ratio but also the Bohr integral and DL: Q ratio are the same in all alveoli. This is a rare occurrence. The total diffusing capacity of these last four patients varied considerably. It was 6.5 ml/min . mm Hg in WAR, who had pulmonary sarcoidosis in an advanced stage, and 10.1 ml/min-mm Hg in DOR, who had systemic sclerosis with roentgenological evidence of pulmonary fibrosis. The other patients, FIS and MYE, both had acute glomerulonephritis with the typical roentgenographic signs of pulmonary interestitial edema (34) . Their total diffusing capacities were 13.2 and 6.5 ml/min-mm Hg. The oxygen saturation was more than 94% in all four of these patients while breathing air.
It is well known that diffusion difficulty is compatible with a normal arterial oxygen saturation at rest breathing air. Only two of Finley's 10 cases of diffusion difficulty (35) Differences between groups II and III. The findings in the four patients in the second group and in three of the patients in the third group is given in Fig. 6 .
There are several characteristics which both groups have in common. Total alveolar ventilation is slightly increased, i.e., greater than cardiac output. Total alveolar ventilation, cardiac output, distribution of blood flow between the fast and slow spaces, and the magnitude of the shunt are about the same in the two groups. However, the following differences are shown. The slow space alveolar ventilation in group II is relatively small, the ventilation per minute being about half the volume of the space, while in group III, the slow space ventilation per minute is larger and nearly equal to the volume of the slow space. This accompanies substantial differences with regard to ventilation: perfusion ratios. Thus, there is a considerable uneveness of ventilation: perfusion ratios in group II but not in group III. The distribution of diffusing capacity is also unequal but similar in both groups. In both, the diffusing capacities of the slow spaces are substantially less than expected in spaces occupying about half the lung volume. The combination of uneveness of ventilation: perfusion ratio and diffusing capacity-perfusion ratio causes a greater degree of unsaturation of end capillary blood oxygenated in the slow space in group II than in group III. This group appears to be the first in which disturbance of blood-gas exchange by DL: O maldistribution without VA:O maldistribution has been documented in man.
In both patients with pulmonary edema (FIS and MYE), the reduction if any in arterial oxygen saturation at rest breathing air was small. However, as has been reported by Arndt, Baltzer, and L6hr (36) , much greater disturbances in arterial oxygen tension and saturation are found in patients with chronic renal failure and pulmonary interstitial edema. In their patients, some of whom were young men and hence not likely to have ventilation: perfusion ratio disturbances due to obstructive airway disease, an inverse correlation was found between the severity of the edema, as judged by the roentgenological evidence, and the arterial oxygen tension. It was suggested that the thickening of the pulmonary membrane due to accumulation of fluid, found by electron microscopy by Meessen and Schultz (37) , was the cause of the decrease in the arterial oxygen tension, the more so, since an increase in arterial oxygen tension was observed immediately after excess body fluid had been removed by hemodialysis. Meessen and Schultz showed that the thickness of the membrane may increase fourfold before fluid enters the alveoli during progression from the interstitial to the intra-alveolar phase of pulmonary edema. Staub, Hitoschi, and Pearce (38) recently found a threefold increase of the average membrane thickness in severe experimental edema. They do not expect this to contribute significantly to a change in the arterial blood oxygen saturation although it would cause some decrease in the measured diffusing capacity. In order to decrease arterial oxygen saturation while breathing air at rest by diffusion difficulty alone in a homogeneous lung, it is necessary that the diffusing capacity be greatly reduced. However, reduction of diffusing capacity in less ventilated parts of the lung is capable of interfering with oxygen transfer even though total diffusing capacity is high.
Significance of reduced diffusing capacity. (41) is a frequent complication of renal disease, as it was in these cases. These seem to be the first cases with pulmonary interstitial edema in whom a pure form of diffusion difficulty could be detected by means of a somewhat sophisticated yet highly applicable new method.
